ABSTRACT Existing wireless charging methods for one-dimensional space are not suitable for coal mine roadways due to the crowding problem of mobile chargers (MCs). To solve this problem, we propose a novel method called distributed cooperative wireless charging, in which a coal mine roadway segment is divided into sections, and each MC is responsible for charging the nodes in its own section. From time t = (K − 1/2)T , all the MCs of a segment start to work simultaneously, where K is the number of sections and T is the charging cycle. When the steady state is reached, distributed cooperative wireless charging is the fastest method to finish a round of charging. To guarantee the practicality of the algorithm, we also provide the method to determine the MC battery capacities and the roadway section lengths. The numerical simulations indicate that the proposed algorithm provides better charging efficiency than the existing onedimensional charging methods in coal mine roadways.
I. INTRODUCTION
The Mine Internet of Things (Mine IoT) is a special Industrial Internet of Things (IIoT) in mines to enable real-time data sensing, dynamic data transmission and reliable decision making [1] , [2] . The Mine IoT includes three layers: a physical layer, transmission layer and application layer. With the large number of sensors in the physical layer deployed in mine roadways, the Mine IoT can gather useful data, such as humidity, temperature, gas and wind speed [3] , [4] . The data can then be transmitted to a data center through an integrated transmission platform of industrial Ethernets and hybrid wireless networks [5] .Based on the collected information, many applications have been developed, such as a Supervisory Control and Data Acquisition (SCADA) system, Mine Safety and Health Administration (MSHA) system and Device Health Detection and Predictive (DHDEP) maintenance system [2] , [6] . An integrated information platform can
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Although there are power lines in mine roadways, they cannot meet the requirement of the Mine IoT. Sensors are getting smaller and smaller, and are mainly powered by batteries. Using the power line to power these sensors will increase installation cost and safety issues. Furthermore, these power lines are mainly installed in the main tunnels and there is no power line available in other tunnels. As more and more sensors will be installed for Mine IoT applications, it is clear that more power issues are expected. As using the power line is not a cost-effective solution, other methods such as energy harvesting [8] and long-life batteries are being investigated. Energy harvesting technology is still under development, and its applications are restricted by the energy sources such as mechanical vibration. Using batteries is the best option so far [9] . However, replacing thousands of batteries in sensors is difficult, if not impossible. Using a mobile robot to recharge batteries wirelessly would solve this problem.
Wireless charging technology has been identified as one of the key technologies for coal mine safety. A complete feasible and nodes-grouped scheduling algorithm was proposed in [10] to charge nodes of Rechargeable Wireless Sensor Networks (RWSN) in mine tunnels, and the crosslayer optimization strategy for coal mine RWSN was studied in [11] to make nodes work perpetually. Research on wireless charging technology has been heavily funded. For example, in 2017 the National Key Research and Development Program of China allocated 21,660,000 RMB (about US$3.23 million) to support a project on the R&D of key technologies and equipment in coal mine IoT [12] . Wireless charging is one of its key technologies.
The whole underground roadway is a tree topology, and a specified mine roadway segment is a band type and can be treated as a one-dimensional space [13] - [15] . If a method can solve the charging problem of one roadway segment, it can be applied to the whole underground mine.
Wireless charging is not new. However, most existing studies were not designed for a one-dimensional space, such as planning the routes of the Mobile Chargers (MCs) to shorten the charging delay [16] , data aggregation and optimization in RWSN [17] , the joint optimization of data collection and wireless charging [18] , reducing the energy consumption of MCs [19] , or on-demand charging according to the node tasks and their remaining energy [20] . These studies often assume a rectangular region, in which the battery capacity of the MCs is sufficient for charging all the sensors, as well as returning to a Stationary Station (SS) to recharge themselves [21] .
Recently, some charging methods for a one-dimensional environment have been proposed, such as EqualShare and SolelyCharge [16] . It is also assumed that a MC is firstly fully charged at the SS and then the MC charges the nodes. All these methods, whether for one-dimensional space or not, do not allow mutual charging between different MCs and can be called non-cooperative methods. Some cooperative wireless charging methods have also been proposed, such as PushWait and CLCharge (Collaboratively Charge). PushWait is based on CLCharge, in which MCs can charge each other and can work synergistically. In PushWait, a MC is required to wait at the end of its section (current section) for the MC working at the next section. The MC at the next section returns to meet the waiting MC to get partially charged once it finishes charging all nodes in its section. The partially charged MC can then move back to the SS to get fully charged. Although PushWait could minimize the energy consumption of the whole charging process, it is not an optimal solution for the number of MCs. In fact, a MC does not need to wait at the end of its section as in PushWait. When a MC arrives at the end of its section and the MC from the next section has still not come back, the MC can return to the start point of its section to gain energy from the MC of the previous section. If one round-trip is not enough, more trips could be done. Based on this idea, the Push-Shuttle-Back (PSB) method was introduced by Liu et al. [19] . Considering the energy loss of the actual charging process, the authors further proposed a detachable battery pack PSB (DBP-PSB) algorithm. It assumes that the batteries of the MCs are in the form of a detachable battery pack with several sub batteries. The MCs discharge the sub batteries one by one. When a MC reaches the end of the section, it starts to ''charge'' another MC using two different methods: method one charges the partially consumed sub batteries on the latter MC; while method two replaces the latter MC's emptied sub batteries with the former MC's fully charged sub batteries. In this way, the total energy waste during the MCs' mutual charging process is reduced.
An algorithm called ClusterCharging based on node clustering was designed in [16] . To cluster the nodes, ClusterCharging sorts the nodes in descending order of their recharging cycles first, and then initiates a cluster which only includes the first node of the sorted list. Then it calculates the ratio of the charging cycle between another node and this one and compares the result with a chosen threshold. If the ratio is smaller, the new node is classified in the same cluster as this node. Otherwise a new cluster is initiated. During the charging process, a cluster is charged only when there are near empty nodes in it.
However, we found that all these existing algorithms for one-dimensional space, including EqualShare, SolelyCharge, CLCharge, PushWait, PSB, DBP-PSB and ClusterCharging may cause a MC congestion problem which would lead to charging failure when applied to a mine roadway due to the side-by-side moving pattern of multiple MCs in the roadway as required in the algorithms. A mine roadway can be considered as a one-dimensional narrow space full of equipment for mining, transportation and other uses. Hence it is not possible to allow many MCs to move in parallel in a roadway as it may cause serious congestion and reduce productivity. To solve the congestion problem, we propose a novel method called a distributed cooperative wireless charging strategy, in which a roadway is divided into sections and there is only one MC in each section.
The main contributions of this paper are summarized as follows:
1) A distributed cooperative wireless charging method for Mine IoT is proposed, which aims to solve the congestion problem of existing cooperative wireless charging methods for one-dimensional space like roadways. The properties of the proposed method are also discussed.
2) The formulae for determining MC battery capacities and roadway section lengths are derived. Based on these formulae, the SSs and the MCs can be easily deployed.
3) Comprehensive simulations are conducted, and the impact factors of charging performance, including the mine roadway length, number of nodes, MC movement speed, energy consumption rate in movement and node battery capacity, are analyzed. The unit costs of the proposed method and DBP-PSB are also compared.
The rest of the paper is organized as follows. Section II discusses the MC congestion problem, proposes the distributed cooperative wireless charging method, and studies the properties of the proposed method. Section III derives formulae for determining MC battery capacities and roadway section lengths. Section IV simulates the method and analyzes the impact factors of charging performance. Finally, Section V concludes the paper. For conciseness, related symbols and notations used are defined in Table 1 .
II. DISTRIBUTED COOPERATIVE WIRELESS CHARGING A. PROBLEM DESCRIPTION
A wireless charging system for one-dimensional space is composed of some SSs, MCs and nodes to be recharged [11] . The mine roadway can be divided into segments based on the space features and number of Mine IoT nodes.
At the start point of each roadway segment, a SS is deployed. All SSs are connected to the power lines in the coal mine, for which we assume that every SS has infinite power [22] . Each roadway segment is further divided into K sections based on the space features and Mine IoT node numbers. To charge the Mine IoT nodes, only one MC is deployed in each roadway segment. Section III discusses how to determine the length of each section and the capacity of each MC.
Take Fig. 1 as an example. The roadway between SS 1 and SS 2 , noted as S 1 S 2 for simplicity, is a roadway segment, which is further divided into some sections. Some MCs are deployed in this segment. Without loss of generality, the following discussion uses segment S 1 S 2 as an example to describe the principles of different wireless charging methods.
We simplify Fig. 1 to Fig. 2 to reveal the MC congestion problem in existing algorithms for one-dimensional space, such as PushWait and CLCharge. Suppose that the roadway segment is divided into K sections (K = 3), there are in total K MCs as the MC number equals the section number in existing algorithms and the ith MC, MC i , charges the nodes in section L i+1 L i . After all the MCs are charged at a SS located at L 4 , they move simultaneously towards the right to charge Mine IoT nodes. While they are passing through section L 4 L 3 , MC 3 charges the nodes in this section, see Fig. 2 (a). During this process, MC 2 and MC 1 will also lose part of their energy due to movement. After they arrive at L 3 , MC 3 the rest of its power among the three MCs including itself to make sure every MC can return to the SS to get recharged.
Some MCs travel in parallel both in their charging and returning process. The closer a MC is to the SS, the more MCs there will be moving together with it. For example, in section L 4 L 3 all three MCs are moving forwards or returning together. This moving pattern will lead to MC congestion and is not practical in a narrow mine roadway. This congestion phenomenon is called the crowding MCs problem or MC congestion problem in this paper.
B. DISTRIBUTED COOPERATIVE WIRELESS CHARGING
To solve the MC congestion problem, we propose a new algorithm called distributed cooperative wireless charging. There are two principles of this algorithm. The first principle is that a MC only serves one section and only moves within its serving section. The period for each MC to charge the nodesthe charging cycle -can be changed as required. As only one MC is present in each section, the crowding MCs problem is solved. The second principle is that MCs in different sections have different battery capacities. The closer a MC is to the SS, the higher its battery capacity will be.
Using the same roadway in Fig. 2, Fig. 3 shows how the new method works. MC i (1 < i ≤ K ) only charges the nodes in the ith section (i.e. L i+1 L i ) and the battery capacity of MC i is higher than that of MC i−1 , which enables MC to charge MC i−1 at L i . The different sizes of the MCs in Fig. 3 show the different battery capacities, but this does not indicate that the real sizes of different MCs must be different.
Without loss of generality, we assume that the Mine IoT nodes are evenly distributed in the mine roadway. It is noteworthy that the distribution of Mine IoT nodes only affects the movement time of a MC between its current place and the next node to be charged, and the properties and formulae derived in the rest of this paper are not affected by this factor [23] . We assume that the number of mine nodes per unit distance is N nd and the battery capacity of MC i is B i . Besides, η 1 and η 2 are the charging efficiency between a MC and a node, and the charging efficiency between different MCs respectively. The energy consumption to travel a unit distance is E i mc−v . All MCs have the same movement speed v. Similar to the DBP-PSB algorithm, we assume a MC's battery pack consists of sub batteries, and the battery capacity of each sub battery is p. Therefore, the battery capacity of MC i is B i = n i p, where n i is the number of sub batteries. MC i follows the DBP-PSB algorithm to charge MC i−1 . Via direct or multi-hop communication, each MC shares information about its real-time remaining energy and charging cycle with its adjacent MCs. In this way, all MCs can know the real-time remaining energy and charging cycle of other MCs. Likewise, the real-time remaining energy of each Mine IoT node is also available to every MC.
Since some parameters of a Mine IoT node such as the acquisition frequency are adjustable by users [24] , the energy consumption rate of a node is also variable. This results in a changeable charging cycle of a MC. In this study, we assume the same charging cycle for all MCs in different roadway sections:
where T i is the charging cycle of the ith section.
In the proposed algorithm, a MC decides when it should charge a Mine IoT node based on the node's remaining lifetime. Denote the length of section 
In each round of the charging process, MC i cuts the charging cycle into two halves, and the duration of each half is T /2. In the first T /2, MC i charges each Mine IoT node with T j i ≤ T /2 to make sure the nodes will not run out of energy before the next charging. MC i will also charge the MC from the next section, i.e. MC i−1 . In the second T /2, MC i returns from L i to L i+1 , to charge the rest of the nodes.
C. PROPERTIES OF DISTRIBUTED COOPERATIVE WIRELESS CHARGING
We now discuss the properties of distributed cooperative wireless charging.
Property 1: In a roadway segment with K sections served by a SS, every MC starts to work simultaneously from t = K −1 2 T . Proof: In a roadway with K sections served by a SS (see Fig. 4 ), MC K located at L K +1 is fully charged at t = 0 and then starts to move towards L K , charging the nodes in section L K +1 L K . After arriving at L K , MC K charges MC K −1 and the charging process is finished at t = It is noteworthy that Property 1 does not suggest that MCs in different segments cannot work concurrently. Whether the MCs in different segments work concurrently is determined by the charging cycles and the start moments of those segments. Although the charging cycles within a segment are equal, the cycles can be different in different segments. MCs in different segments independently decide when to initiate their charging process according to the actual power requirements. If those segments have the same charging cycle and start moment, the MCs in those segments will work simultaneously.
Property 2: After the charging system reaches a steady work state, distributed cooperative wireless charging has the shortest charging time to finish a round of charging Mine IoT nodes in a roadway segment.
Proof: From Property 1, we know that the charging system in the segment reaches a steady work state from time
If all nodes of a roadway segment get charged, the charging system finishes a round of charging of that segment. It is noteworthy that the charging round and charging cycle are different. The charging round is applied to a roadway segment, while the charging cycle is applied to a roadway section. For side-by-side moving algorithms, such as EqualShare, SolelyCharge, CLCharge, PushWait, ClusterCharging, Push-Shuttle-Back and DBP-PSB, all MCs depart from L K +1 , and at least one MC must reach L 1 to cover all the Mine IoT nodes in the roadway. Therefore, the time needed is K 2 T to finish a round of charging. Then all MCs return to L K +1 to get recharged at SS for the next round and this will also need K 2 T . As a result, the minimum time for each round of charging is KT .
In contrast, the distributed cooperative wireless charging strategy has a much shorter charging time. For the first round of charging, it consists of an initial period and a normal charging period. The initial period takes t = K −1 2 T . The normal charging period takes T/2. Hence, to complete the first round of charging, it takes
From the second round of charging, all MCs in different sections work simultaneously. The time needed to finish a round of charging is the same as needed for charging a section, i.e. T . Hence, side-by-side moving algorithms need nKT to charge n rounds, while the distributed cooperative wireless charging only needs
Formula (2) shows that the distributed cooperative wireless charging has the shortest charging time to finish a round of charging.
III. DECIDING MC BATTERY CAPACITIES AND ROADWAY SECTION LENGTHS
To make distributed cooperative wireless charging practical, two issues need to be addressed to deploy the SSs and MCs: how to decide the appropriate battery capacities for different MCs to ensure all the nodes will be charged successfully, and how to determine the lengths of the sections of the roadway segment.
A. DECIDING MC BATTERY CAPACITIES
As mentioned previously, the battery pack of MC i is formed of a series of sub batteries with the same capacity p, and the total capacity of MC i is B i = n i p i . Therefore, deciding the appropriate battery capacity B i is equivalent to deciding the minimal sub battery number of the pack (i.e. n i ). As shown in Fig. 3 , the number of nodes in section L 2 L 1 is N 2,1 = l 1 · N nd . To complete a charging cycle successfully, the capacity of MC 1 should at least be able to support its own movement and the Mine IoT nodes' energy requirement in the section, that is:
where b j i and E j i are the battery capacity and the remaining energy of jth node in the ith section, respectively. The first term in Formula (3) represents the energy MC 1 needs to provide for the nodes in a charging cycle, while the second term is the energy consumption of MC 1 's movement. We can then derive the requirement for the number of sub batteries of MC 1 :
In the extreme case, where all the Mine IoT nodes in section L 2 L 1 run out of energy, the sub battery number needs to satisfy:
Considering its physical meaning, n 1 takes integers. Applying the ceiling function to the two sides of Formula (5), we have:
For the MC serving section L 3 L 2 , i.e. MC 2 , its task is not only to charge the nodes in L 3 L 2 , but also to charge MC 1 of the section L 2 L 1 . As described previously, MC 2 swaps the depleted sub batteries of MC 1 with full charged ones.
The number of the sub batteries to be replaced is given by n 2,1 =
, where CE 1 is the remaining energy of MC 1 which is given by:
Since B 1 = n 1 p, we have n 2,1 = n 1 −
The energy gained by MC 1 during the battery switching is then p × n 1 −
The following expression holds:
Other than battery switching, MC 2 also needs to charge the partially discharged sub batteries on MC 1 . The required energy is (p − CE 1 %p) η 2 , where x%y means x modulo y. Note that x%y = 0, otherwise battery switching is enough for the charging of MC 1 and no sub battery charging is needed from MC 2 .
In summary, the battery capacity of MC 2 satisfies:
where
, which is the energy MC 2 provides to MC 1 through battery switching and charging. Following a similar calculation, we know that the sub battery number of MC 2 should be:
Likewise, for MC i , the required sub battery number is:
where B i,i−1 is the energy transferred from MC i to MC i−1 and it is expressed as:
FromFormula (6), Formula (11) and Formula (12), the number of sub batteries needed and hence the battery capacities of MCs can be calculated iteratively.
B. DECIDING ROADWAY SECTION LENGTHS
Another important problem to solve in distributed cooperative wireless charging is to determine the length of each section, i.e. l i , 1 ≤ i ≤ K . The length of the sections is required to divide the roadway segments. We note that the lengths of different sections can be different. The principle of dividing a segment is that: MC i is able to charge the nodes within the section and MC i−1 of the next section in a charging cycle. This depends on three factors: the movement speed of MC i , the charging time for the jth node in the ith section and the charging time for the MC i−1 in the (i − 1)th section, represented as v, t j i and t i,i−1 , respectively. Then the time MC i spends to charge the ith section is: . It is also clear that it is sufficient to let the charging cycle of the ith section be t i , i.e. T i = t i . As we have discussed, we choose T = min (T i ) ,
The charging time of a Mine IoT node, t j i , is proportional to the amount of energy it needs to be fully charged. If we let the charging rate of MC i to the Mine IoT node be ρ, the charging time for the node is:
When MC i is charging MC i−1 , the battery switching time could be regarded as a constant, denoted by t sw . The time needed for charging the sub batteries is (p − CE i−1 %p) (ρη 2 ). Combining the two terms we have:
Substituting Eq. (14) and Eq. (15) into Eq. (13), we get:
In the extreme case, the amount of energy MC i−1 needs to be recharged is p and the longest charging time is required, which therefore allows the MC to travel for the shortest distance:
To cope with this extreme situation, the roadway section lengths should be adjusted according to Formula (17). VOLUME 7, 2019 
IV. PERFORMANCE EVALUATION
In this section, the performance of our algorithm is evaluated through MATLAB simulation, and compared to EqualShare, PushWait and SolelyCharge. For convenience, we refer to the proposed algorithm as CoMobile.
A. PARAMETER SETTINGS
By default, we choose the length of the roadway segment to be 1000m. The segment is cut into five sections, with lengths of 221m, 210m, 200m, 189m and 179m. There are 100 rechargeable nodes distributed evenly in the roadway, each of which is powered by a 1.5V, 2000mAh rechargeable battery. The battery capacity is b = 1.5V*2A*3600s = 10.8KJ [16] . The total battery capacities for the five sections are 1600KJ, 1400KJ, 1400KJ, 1200KJ and 1200KJ. The battery of a MC is a detachable battery pack and each sub battery capacity is p = 200 KJ. The movement speed of the MC is set to be v = 1m/s, and the energy consumption rate in movement is E i mc−v = 50 J/m. The efficiency of a MC to charge a node is η 1 = 1.5%, while the efficiency of a MC to charge another MC is η 2 = 30%. A MC can charge ρ = 0.2 energy to a node in one minute. The battery switching between MCs takes t sw = 20s. A Mine IoT node's energy consumption rate is r j i = 0.0025W. We take the energy usage effectiveness (EUE) as the performance index, defined as: (18) where E pl is the energy a MC transfers to a Mine IoT node, E oh is the energy loss in the charging process, including the energy consumption in movement E oh m and the loss due to limited efficiency in charging E oh c . We note that E oh c includes the loss in node charging, and the loss in charging another MC, represented as E oh1 c and E oh2 c , respectively; while E oh m consists of the energy consumed by the movement module and that consumed by other electronic modules of the MC, noted as E oh1 m and E oh2 m , respectively.
B. PERFORMANCE ANALYSIS 1) THE EFFECT OF THE MINE ROADWAY LENGTH
All the other parameters are set to default values and the roadway length value is changed to study its effect on the charging performance. Fig. 5 gives the results. Fig. 5 shows CoMobile has a significantly higher EUE value than other algorithms, and it drops slowly when the roadway length increases. We can draw the same conclusion based on Fig. 6 to Fig. 9 in the following paragraphs. This is due to the reduced travel distance of a MC using the new algorithm. Additionally, the EUE of all the methods is negatively correlated with the mine roadway length. This is because with an increasing roadway length and a fixed number of nodes, the node density drops in the roadway, increasing the distance for a MC to travel to charge the same number of nodes, and hence increasing the energy consumption in movement. This is expressed as an increased E oh term and an unchanged E oh term, causing the EUE to drop according to Formula (18).
2) THE EFFECT OF THE NODE NUMBER
We then change the parameter of the number of nodes and keep all the other parameter default values and observe how it affects the charging performance. Fig. 6 shows the results. It is clear when the number of nodes increases, the EUE of every algorithm increases. This is again caused by the change of the node density. When the number of nodes increases, the node density increases and a MC travels a shorter distance to charge the same number of nodes, leading to the decrease of the E oh . As E pl is unchanged, this will increase EUE according to Eq. (18).
3) THE EFFECT OF THE MC'S MOVEMENT SPEED
We then vary the movement speed of a MC, keeping all the other parameters unchanged. Fig. 7 shows the change of EUE of the investigated algorithms. The EUE is positively correlated with the movement speed of a MC. This can be explained as follows: although the energy consumption over the same distance, E oh1 m , is the same, the faster the MC moves, the less time it takes to complete the travel, therefore there is lower energy consumption on other parts (i.e. E oh2 m ). This leads to lower movement energy consumption E oh m . The smaller the E oh m is, the smaller E oh will be. When E pl is fixed, there is a larger EUE according to Formula (18).
4) THE EFFECT OF THE ENERGY CONSUMPTION RATE IN MOVEMENT
Now we vary the energy consumption of a MC over unit distance (i.e. E i mc−v ) while keeping all the other parameters at the default values to study how it affects the charging performance. In Fig. 8 E i mc−v is expressed as mci for simplicity. EUE decreases when mci increases. Increasing mci means an increase of E oh m , as E pl is the same, which leads to the EUE decreases. CoMobile also has the slowest EUE dropping rate because the movement consumption in this algorithm is reduced significantly due to the reduced path lengths for the MCs.
5) THE EFFECT OF THE NODE BATTERY CAPACITY
By fixing the other parameters and tuning the node battery capacity, we look into the effect of the node battery capacity on the charging performance (see Fig. 9 ). It shows that the EUE of CoMobile is much higher than other methods and keeps stable, while other method's EUEs increase as node battery capacity increases. The reason is stated as follows:
From Formula (18) we learn:
The larger the battery capacity of a node is, the more energy is transferred from a MC in one cycle: E pl gets larger with the battery capacity, which makes 1 EUE smaller. EUE > 0, so a smaller 1 EUE must get a larger EUE.
6) THE UNIT COST OF COMOBILE VS. DPB-PSB
As CoMobile uses the principle of detachable battery packs like DPB-PSB, we also use another index, Unit Cost (UC) [16] , to investigate the performance of CoMobile compared to DPB-PSB. The metric UC is the cost for each sensor VOLUME 7, 2019 to get fully charged in each cycle of the network design lifetime, which is defined as:
where PC is the price of a charger, PE is the price of oneunit of energy, and DL is the designed lifetime of the network in terms of the number of recharging cycles. We set PC at 100 and PE at 0.000007 and N is the number of nodes and NC is the number of MCs. Since these symbols are only used in this part, they are not included in Table 1 .
The results of CoMobile and DPB-PSB are compared in Fig. 10 . The unit cost of these two algorithms will both increase if we increase the parameter values of number of nodes, battery capacity of a sensor, mci or price of a charger. However, the unit cost of CoMobile is much smaller than that of DPB-PSB in all four cases, which proves the good performance of CoMobile. The main reason is that CoMobile optimizes the capacities of MCs and the lengths of coal mine segments, which leads to a shorter travel distance and less energy loss.
V. CONCLUSION
Wireless charging is an effective way to solve the problem of powering Mine IoT nodes and keep them running sustainably. However, conventional wireless charging methods for onedimensional space require multiple MCs to run side by side, which causes congestion in narrow mine roadways. To solve this problem, we proposed a new distributed cooperative wireless charging strategy. In this strategy, only one MC is present in each section of the roadway, avoiding the crowding MCs problem. Furthermore, the proposed algorithm has less charging time. Based on the derived expressions, the battery capacities and roadway section lengths can be decided, which allows a rapid deployment of the SSs and MCs and makes the strategy practical. In the future, we will study the enhancement effect of smart antennas in wireless charging. In a coal mine roadway, nodes deployment has many restrictions. It is of great importance to focus the energy of a MC on the direction of the target nodes to improve the charging performance. 
